Numerous studies have documented the effects of chronic N-methyl-D-aspartate receptor (NMDAR) blockade on excitatory circuits, but the effects on inhibitory circuitry are not well studied. NR2A-and NR2B-containing NMDARs play differential roles in physiological processes, but the consequences of chronic NR2A-or NR2B-containing NMDAR inhibition on glutamatergic and GABAergic neurotransmission are unknown. We investigated altered GABAergic neurotransmission in dentate granule cells and interneurons following chronic treatment with the NR2B-selective antagonist, Ro25,6981, the NR2A-prefering antagonist, NVP-AAM077, or the nonsubunit-selective NMDAR antagonist, D-APV, in organotypic hippocampal slice cultures. Electrophysiological recordings revealed large reductions in spontaneous inhibitory postsynaptic current (sIPSC) frequency in both granule cells and interneurons following chronic Ro25,6981 treatment, which was associated with minimally altered sIPSC amplitude, miniature inhibitory postsynaptic current (mIPSC) frequency, and mIPSC amplitude, suggesting diminished action potential-dependent GABA release. Chronic NVP-AAM077 or D-APV treatment had little effect on these measures. Reduced sIPSC frequency did not arise from downregulated GABA A R, altered excitatory or inhibitory drive to interneurons, altered interneuron membrane properties, increased failure rate, decreased action potentialdependent release probability, or mGluR/GABA B receptor modulation of GABA release. However, chronic Ro25,6981-mediated reductions in sIPSC frequency were occluded by the K + channel blockers, dendrotoxin, margatoxin, and agitoxin, but not dendrotoxin-K or XE991. Immunohistochemistry also showed increased Kv1.2, Kv1.3, and Kv1.6 in the dentate molecular layer following chronic Ro25,6981 treatment. Our findings suggest that increased Kv1 channel expression/function contributed to diminished action potentialdependent GABA release following chronic NR2B-containing NMDAR inhibition and that these Kv1 channels may be heteromeric complexes containing Kv1.2, Kv1.3, and Kv1.6.
INTRODUCTION
The N-methyl-D-aspartate receptors (NMDARs) are heteromeric ionotropic glutamate receptors composed of NR1 and NR2A-D, with NR2A and NR2B being the predominant NR2 subunits in hippocampus and cortex (Monyer et al, 1994; Yamakura and Shimoji, 1999) . NMDAR activation plays a crucial role in physiological brain processes, including neuronal survival (Ikonomidou et al, 1999) and synaptic plasticity (Dingledine et al, 1999; Mori and Mishina, 1995) . Chronic NMDAR blockade increases synaptic reorganization in glutamatergic circuits, presynaptic glutamate release, and postsynaptic glutamate receptor clustering Bear et al, 1990; Cline et al, 1987; Lin and Constantine-Paton, 1998; McKinney et al, 1999; O'Brien et al, 1998; Rao and Craig, 1997) . Such changes increase neuronal excitability and may exacerbate electrographic seizures following chronic NMDAR blockade .
NMDARs are also highly expressed in hippocampal interneurons (Monyer et al, 1994; Moriyoshi et al, 1991) , where they regulate inhibitory synapse plasticity (Lu et al, 2000; Ouardouz and Sastry, 2000; Xie and Lewis, 1995) , postsynaptic GABA A receptor (GABA A R) membrane insertion (Marsden et al, 2007; Xie and Lewis, 1995) , and presynaptic GABA release (Drejer et al, 1987; Pin et al, 1988) . Chronic NMDAR blockade alters GABA A R subunit expression (Matthews et al, 2000) and slightly reduces miniature inhibitory postsynaptic currents (mIPSCs) but, overall, documentation of the effects of chronic NMDAR blockade on inhibitory interneurons lags far behind that for excitatory circuits.
NR2A-and NR2B-containing NMDARs differ in subcellular localization, trafficking, biophysical properties, and roles in physiological processes (Barria and Malinow, 2002; Flint et al, 1997; Lavezzari et al, 2004; Monyer et al, 1994) . Activation of NR2A-containing NMDARs promotes neuronal survival, whereas activation of NR2B-containing NMDARs increases neuronal death (Hardingham et al, 2002) . Opposing roles of NR2A-and NR2B-containing NMDARs in synaptic plasticity induction have also been reported (Liu et al, 2004) , but these findings remain controversial because others showed a requirement for both NR2A-and NR2B-containing NMDARs (Barria and Malinow, 2005; Berberich et al, 2005; Morishita et al, 2007; Tang et al, 1999; Weitlauf et al, 2005) . Finally, chronic inhibition of NR2B-containing NMDARs dramatically reduced whereas chronic inhibition of NR2A-containing NMDARs did not significantly affect subsequent electrographic seizures in organotypic hippocampal slice cultures (Dong and Bausch, 2005; Wang and Bausch, 2006) . The effects of selective chronic inhibition of NR2A-and NR2B-containing NMDARs on excitatory and inhibitory circuits are unknown. Documenting these effects is critical given the status of NR2B-selective antagonists in clinical trials for major depression, pain, and Parkinson's disease (Mony et al, 2009; www.clinicaltrials.gov) and the need for a greater understanding of the contribution of NR2A-and NR2B-containing NMDARs in physiological processes. In this study, we examined the changes in GABA A R-mediated neurotransmission because GABAergic transmission can influence seizure expression, major depression, pain, and Parkinson's disease, and the effects of chronic NMDAR inhibition on GABAergic transmission are largely unknown. Based upon our previous findings, we hypothesized that chronic inhibition of NR2B-containing NMDARs would enhance whereas chronic inhibition of NR2A-containing NMDARs would not dramatically affect GABA A R-mediated transmission.
Representative NMDAR antagonists were selected based on their pharmacological properties as described previously (Wang and Bausch, 2004) . The frequently used NR2B-specific antagonist, Ro25,6981 (1 mM), was selected because of its high affinity and specificity for NR2B-containing NMDARs (Fischer et al, 1997; Smith and McMahon, 2006; Zhao et al, 2005; Zhou and Baudry, 2006) , and our previous concentration-response study showed a maximal effect of Ro25,6981 on seizure expression at 1 mM (Dong and Bausch, 2005) . Although chronic inhibition of NR2B-containing NMDARs with either Ro25,6981 or ifenprodil dramatically reduced electrographic seizures in our previous study (Wang and Bausch, 2004) , we chose Ro25,6981 over ifenprodil for the current study because of possible interactions of ifenprodil with a-adrenergic receptors, serotonin receptors, and calcium channels (Chenard et al, 1995; Church et al, 1994; McCool and Lovinger, 1995) . The NR2A-selective antagonist, NVP-AAM077 (50 nM), was chosen because of its high preference for NR2A-containing NMDARs at this concentration (Auberson et al, 2002; Feng et al, 2004; Neyton and Paoletti, 2006) and frequent use in studies documenting differential NR2A/NR2B effects (Massey et al, 2004; Zhou and Baudry, 2006) . D(À)-2-amino-5-phosphonopentanoic acid (D-APV, 50 mM) was included because of its high NMDAR specificity and to facilitate comparison with previous physiological and homeostatic plasticity studies.
MATERIALS AND METHODS

Organotypic Hippocampal Slice Cultures
Slice cultures were prepared using the interface method (Stoppini et al, 1991) as described previously . Briefly, postnatal day 10-11 Sprague-Dawley rats (Taconic, Germantown, NY) were anesthetized with pentobarbital and decapitated. Brains were removed and cut into 400 mm transverse sections using a McIlwain tissue chopper. Hippocampal slices were separated from entorhinal cortex in Gey's balanced salt solution (GBSS) composed of (in mM) 137 NaCl, 5 KCl, 0.25 MgSO 4 , 1.5 CaCl 2 , 1.05 MgCl 2 , 0.84 Na 2 HPO 4 , 0.22 K 2 HPO 4 , 2.7 NaHCO 3 , and 41.6 glucose. The middle 4-6 slices of each hippocampus were placed onto tissue culture membrane inserts (Millipore, Bedford, MA) in a culture dish with medium consisting of 50% minimum essential medium, 25% Hank's buffered salt solution, 25% heat-inactivated horse serum, 0.5% GlutaMax, 10 mM HEPES (all from Invitrogen, Carlsbad, CA), and 6.5 mg/ml glucose (pH 7.2). Cultures were maintained at 37 1C under room air + 5% CO 2 and medium was changed three times per week. Cultures were treated with D-APV (50 mM; Tocris Cookson, Ellisville, MO), Ro25,6981 hydrochloride (1 mM; Sigma), or NVP-AAM077 (50 nM; Dr Yves Auberson, Novartis Institutes for Biomedical Research, Basel, Switzerland) diluted in medium for the entire 17-21 DIV culture period. Vehicle-treated cultures were treated similarly, but drugs were omitted. Experiments in vehicleand NMDAR antagonist-treated cultures were conducted concurrently under identical conditions. Only cultures showing bright, well-defined cell layers were included.
Electrophysiological Recordings
Recordings were conducted as described previously in dentate granule cells and interneurons at the dentate granule cell layer/hilus border (D/H border interneurons). Briefly, the membrane containing a single cultured slice was cut and transferred to a submerged recording chamber mounted onto a Zeiss Axioskop microscope with IR-DIC optics (Carl Zeiss, Thornwood, NY) . Slice cultures were superfused (2-3 ml/min) continuously with artificial cerebrospinal fluid (aCSF) composed of (in mM) 124 NaCl, 4.9 KCl, 1.2 KH 2 PO 4 2.4 MgSO 4 , 2.5 CaCl 2 , 25.6 NaHCO 3 , and 10 glucose equilibrated with 95% O 2 and 5% CO 2 . Tetrodotoxin (TTX, 1 mM; Sigma), D-APV (50 mM), bicuculline methiodide (BMI, 10 mM; Tocris Cookson), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 mM; Tocris Cookson), 4-aminopyridine (4-AP; Acros Organics, Pittsburgh, PA), tetraethylammonium (TEA; Sigma), (2S)-[[(1S)-1-(3,4-dichlorophenyl)ethyl] amino-2-hydroxypropyl](phenylmethyl)phosphinic acid (CGP55845, 3 mM; Tocris Cookson), RS-a-cyclopropyl-4-phosphophenylglycine (CPPG, 200 mM; Tocris Cookson), dendrotoxin (200 nM; Sigma), dendrotoxin-K (100 nM; Sigma), margatoxin (10 nM; Sigma), and 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE 991, 10 mM; Tocris Cookson) were diluted immediately before use and sIPSC frequency after chronic Ro25,6981 S He et al applied acutely by bath superfusion. Recording pipettes were filled with (in mM) K-gluconate 125, KCl 13, HEPES 10, EGTA 10, and MgATP 2 (pH 7.2 with KOH) for all electrophysiological recordings. Data were collected using a Multiclamp 700A amplifier (2 kHz 8-pole Bessel filter), Digidata 1322 A/D converter, and sampled at 10 kHz using pCLAMP software (all from Axon Instruments, Union City, CA).
All recordings were obtained from neurons in the suprapyramidal dentate gyrus/hilus following X20 min of NMDAR antagonist washout. Recordings were conducted at room temperature (RT) to minimize the likelihood of electrographic seizures during antagonist washout McNamara, 2000, 2004) . Data for action potential and membrane properties were collected using current-clamp recording within 2 min of establishing whole-cell configuration. The resting membrane potential (RMP) was documented using Multiclamp software. Input resistance (R in ) was calculated from the slope of the linear portion of a current-voltage plot of the change in membrane voltage in response to a series of 450 ms 25-pA steps using pClamp software. The first current step eliciting an action potential was deemed the action potential threshold. The first action potential elicited at threshold was used to document action potential properties. Action potential rise and decay times were measured from 10% to 100% and from 100% to 10%, respectively; half-width was defined as the half-amplitude duration; fast afterhyperpolarization potential (fAHP) was measured from baseline just before action potential rise to hyperpolarized potential peak immediately following the action potential (Faber and Sah, 2002) . Spontaneous firing was measured for 5-10 min in aCSF using somatic cell-attached recordings.
For voltage-clamp recordings of synaptic currents, the membrane potential was clamped at À70 mV, and recordings were excluded if series resistance was 415 MO or varied 415% or RMP was more positive than À50 mV for granule cells and À40 mV for interneurons. Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded in the presence of D-APV (50 mM) and CNQX (10 mM). The mIPSCs were recorded after subsequent addition of TTX (1 mM). All sIPSCs and mIPSCs were analyzed using MiniAnalysis software (Synaptosoft, Fort Lee, NJ). Detection threshold was 8 pA. Rise and decay times were measured from 10% to 100% and from 100% to 10%, respectively. Up to 80 events from each cell were selected at a fixed sampling interval to generate cumulative probability plots.
For paired recordings, presynaptic neurons were currentclamped to generate action potentials and postsynaptic neurons were voltage-clamped at À70 mV to record postsynaptic responses. An action potential was elicited in the presynaptic neuron using a 5 ms depolarizing current injection, which was minimally sufficient to evoke a single action potential. Failure rate was measured by delivering 50 depolarizing stimuli at 0.3 Hz to the presynaptic neuron and defined as the percentage of action potential-inducing stimuli that evoked no postsynaptic response. Paired-pulse ratio was measured by delivering 2 stimuli with a 100 ms interstimulus interval to the presynaptic neuron and defined as the amplitude of the second postsynaptic response normalized to the first.
Neurobiotin
Interneurons were filled with neurobiotin (0.4-0.5% (w/v) in the pipette solution; Vector, Burlingame, CA) during whole-cell recordings and visualized as described previously . Briefly, immediately after recordings, cultures were fixed overnight with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4), removed from the insert membrane, sunk in 30% sucrose in 0.1 M PB containing 0.15 M NaCl and 2.7 mM KCl (PBS, pH 7.4), and stored at À70 1C. Thawed cultures were treated with 10% methanol and 0.6% H 2 O 2 in PBS, blocked with 2% bovine serum albumin (BSA) and 0.75% Triton X-100 in PBS and incubated overnight at 4 1C in ABC elite (Vector) diluted per kit instructions in PBS containing 2% BSA and 0.1% Triton X-100. Cultures were then treated with 0.05% 3,3 0 -diaminobenzidine (DAB, Sigma), 0.028% CoCl 2 , 0.02% Ni-SO 4 Á (NH 4 )SO 4 , and 0.00075% H 2 O 2 in PBS until staining was apparent. Cultures were mounted onto subbed glass slides, dehydrated, cleared, and coverslipped. Representative interneurons were photographed and/or manually reconstructed using Neurolucida software (MicroBrightField, Colchester, VT), a Zeiss (Thornwood, NY) Axioskop microscope equipped with 63 Â oil objective, MicroFire CCD camera (Optronics, Goleta, CA), and motorized stage and focus encoder (Ludl Electronic Products, Exton, PA) as described previously . Regions were defined as: molecular layer, supragranular dentate gyrus regions; granule cell layer, tightly packed granule cell layer; hilus, region between granule cell layer blades excluding the CA3c pyramidal cell layer; and CA3c, pyramidal cell layers residing in the dentate gyrus. D/H border interneurons were classified based on axonal distribution and firing properties as shown in Figure 3 and described in Figure 3 legend.
Immunohistochemistry
Slice cultures were fixed with Formaldehyde/Zinc fixative (3.7% formaldehyde; Electron Microscopy Sciences, Fort Washington, PA) for 12 min and removed from the insert membrane. Free-floating slice cultures were processed for immunohistochemistry at RT unless stated otherwise. Slice cultures were pretreated sequentially with: 0.3% H 2 0 2 in 100% methanol; 10 mM Tris/1 mM EDTA (pH 9) for 20 min at 90 1C for antigen retrieval; 10% avidin followed by 10% biotin in PBS; and PBS containing 10% normal goat serum and 2% gelatin for 1 h at 37 1C. Slice cultures were then incubated in mouse monoclonal anti-Kv1.2 IgG2b (1 : 40; clone K14/16), Kv1.3 IgG1 (1 : 1000; clone L23/27), or Kv1.6 IgG3 (1 : 10; clone K19/36) (all from UC Davis/NINDS/ NIMH NeuroMab Facility, Davis, CA) for 1 h at RT followed by B36 h at 4 1C. All antibodies were diluted in PBS containing 10% normal goat serum, 2% BSA, and 0.25% Triton X-100. Slice cultures were then incubated sequentially in biotinylated goat anti-mouse IgG (Vector) diluted 1 : 400 in diluent for 1 h and ABC Elite diluted in PBS containing 1% BSA and 0.1% Triton X-100 per kit instructions for 1 h at 37 1C. Immunoreactivity was visualized with 0.04% DAB and 0.0024% H 2 0 2 in TB. Slice cultures were mounted onto subbed glass slides, dehydrated, cleared, and coverslipped with Permount mounting media. Slice cultures were digitally photographed using a Zeiss Axioskop microscope, Optronics Microfire camera, sIPSC frequency after chronic Ro25,6981 S He et al and Picture Frame software (Optronics). Immunoreactivity was quantified with MetaMorph software (Universal Imaging/Molecular Devices, Downingtown, PA) using a representative 50 Â 75 mm area in the suprapyramidal dentate molecular layer and a 50 Â 75 mm area in CA1 stratum lacunosum moleculare. Vehicle-and NMDAR antagonist-treated slice cultures were always processed in parallel to prevent nonspecific differences in intensity levels.
Statistics
Investigators were blinded to experimental groupings for all data analyses. Parametric data were represented as means ± SEM. Nonparametric data were represented as medians. Most statistical analyses were performed with Sigma Stat software (SPSS, Chicago, IL). Parametric data were tested for significance using an ANOVA with HolmSidak post-hoc comparison (multiple groups), t-test (two groups), or paired t-test (before and after acute drug application). Nonparametric data were tested using ANOVA on ranks (multiple groups) or Mann-Whitney rank sum test (two groups). Significance was defined as pp0.05. Cumulative probability distributions were tested for significance using a two-tailed Kolmogorov-Smirnov test using MiniAnalysis software; significance was defined as pp0.025.
RESULTS
The Frequency of Action Potential-Dependent sIPSCs But Not Action Potential-Independent mIPSCs onto Dentate Granule Cells Was Decreased Following Chronic Inhibition of NR2B-Containing NMDARs
To begin to examine changes in GABAergic neurotransmission following chronic NMDAR inhibition, we first measured sIPSCs in individual dentate granule cells in the presence of D-APV and CNQX to block excitatory transmission using whole-cell voltage-clamp recordings. We found a large shift in cumulative probability ( Figure 1c ) and a 70 ± 7% reduction in mean ( Figure 1e ) action potential-dependent sIPSC frequency following chronic inhibition of NR2B-containing NMDARs with Ro25,6981. This reduction was accompanied by a strong trend toward reduced near-synchronous sIPSCs (ie, p10 ms interpeak interval; Schoppa and Westbrook, 2002 ; Figure 1a ) following chronic Ro25,6981 (3.4±0.8% of sIPSCs) compared with vehicle (5.9 ± 1.3%; p ¼ 0.056, Mann-Whitney rank sum test). No large changes in sIPSC frequency were observed following chronic NMDAR inhibition with the NR2A-prefering antagonist, NVP-AAM077, or the nonsubunit-selective NMDAR antagonist, D-APV (Figure 1c and e). Cumulative probabilities of sIPSC amplitude were modestly reduced (Figure 1d ), but the average sIPSC amplitude was not significantly altered ( Figure 1f ) and changes in sIPSC kinetics were minimal (Supplementary Figure 1a) . Action potential-independent mIPSC frequencies (Figure 2c and e) and amplitudes ( Figure 2d and f) were only minimally altered following chronic NMDAR inhibition, although mIPSC rise time was reduced following chronic Ro25,6981 treatment (Supplementary Figure 1b) . These data strongly suggest that the large reduction in sIPSC frequency following chronic Ro25,6981 was not mediated by alterations in PSC amplitude or changes in individual synapses as gauged by mIPSC frequency and amplitude. We next examined whether the effects of NMDAR antagonists on IPSCs were specific to dentate granule cells or also occurred in D/H border interneurons, which provide strong inhibition onto granule cells. Altered inhibition onto interneurons could affect presynaptic action potentialdependent GABA release by changing interneuron excitability. D/H border interneurons fell into five distinct categories based upon axonal distribution and firing pattern (see Figure 3 and its legend) as described previously (Buckmaster and Schwartzkroin, 1995a, b; Halasy and Somogyi, 1993; Han et al, 1993; Mott et al, 1997) , except everywhere cells, which were described by Mott et al (1997) but named here. Briefly, axoaxonic cell axons displayed chandelier-like rows of boutons and projected predominantly to the granule cell and the CA3c pyramidal cell layers. Basket cell axons were restricted almost entirely to the granule cell layer. Both axoaxonic and basket cells were characterized by high-frequency, nonadapting firing. Hilar commissural-associational pathway-associated interneuron (HICAP cell) axonal collaterals were distributed predominantly in the outer granule cell layer and inner molecular layer. Hilar perforant pathway-related interneuron (HIPP cell) axonal collaterals were distributed predominantly in the outer molecular layer. Everywhere cell axons arborized radially throughout the dentate gyrus, hilus, and CA3 pyramidal cell layer. HICAP, HIPP, and everywhere cells were defined by adapting firing and spike broadening with diminished spike amplitude at suprathreshold current steps (see Figure 3 legend for a more thorough description of interneuron subtypes). As no significant differences in sIPSC or mIPSC frequency or amplitude were apparent between different D/H border interneuron populations, sIPSC and mIPSC data from all interneurons were pooled. 
Intrinsic Active and Passive Membrane Properties Were Not Altered Following Chronic Inhibition of NR2B-Containing NMDARs
The lack of large changes in mIPSC frequency or amplitude ( Figure 2 ) together with no change in GABAergic interneuron number or GABAergic synapses onto granule cells following chronic Ro25,6981 treatment suggest that altered synapse number cannot account for reduced sIPSC frequency. Altered excitatory transmission onto interneurons also cannot account for reduced sIPSC frequency because all IPSCs were recorded in the presence of D-APV and CNQX to block excitatory transmission. Therefore, the simplest and most likely explanation is a change in interneuron action potential and/or intrinsic membrane properties. Whole-cell sIPSC frequency after chronic Ro25,6981
S He et al current-clamp recordings were grouped by interneuron class because these membrane and action potential properties were different in distinct interneuron populations (Table 1) . Comparing effects of chronic treatment with different NMDAR antagonists, we found a significantly more positive RMP and increased action potential halfwidth and rise and decay times in axoaxonic cells following chronic treatment with D-APV and NVP-AAM077, respectively (Table 1) . However, no other significant effects of chronic NMDAR inhibition on input resistance, RMP, afterhyperpolarization, or action potential threshold, amplitude, half-width, rise, or decay were detected in D/H border interneurons (Table 1) . Input-output curves of interneuron firing were grouped into high-frequency and adapting firing interneurons because the firing behavior was different across but not within these populations. The number of action potentials generated in response to current steps was not significantly altered in high-frequency firing interneurons following chronic treatment with NMDAR antagonists, but was increased in adapting firing interneurons following chronic treatment with D-APV or NVP-AAM077 compared with vehicle or Ro25,6981 ( Figure 5 ). Somatic cell-attached recordings showed low spontaneous firing frequency in all interneuron populations and revealed no chronic Ro25,6981-mediated decreases in spontaneous interneuron firing rate (n ¼ 7, vehicle; n ¼ 7, Ro25,6981, data not shown). These data suggest that altered somatic action potential and membrane properties were Figure 3 Firing patterns and axonal distributions were used to classify different types of interneurons. Interneurons were characterized as described previously (Buckmaster and Schwartzkroin, 1995a, b; Halasy and Somogyi, 1993; Han et al, 1993; Mott et al, 1997) except everywhere cells, which were described by Mott et al (1997) but named here. (a-e, top) Representative traces from the first current step to elicit strong adaptation and spike broadening in HICAP, HIPP, and everywhere cells, and a corresponding current step amplitude for mossy, axoaxonic, and basket cells. (a-e, middle) Representative traces from the first current step to elicit an action potential. (a-e, bottom) Representative morphology and axonal distributions of neurobiotin-filled neurons. (a) Mossy cells were characterized by high-frequency firing, a shallow AHP (dashed line, plateau potential), dendrites covered with dense 'thorny excrescences' (bottom right, white arrowheads), and axons distributed throughout the dentate gyrus and hilus. Recorded cells with these characteristics were excluded from further analyses. (b) Axoaxonic cells were characterized by high-frequency firing, action potentials with deep, short-duration AHP, as well as large somata, chandelier-like rows of boutons and axonal arborizations predominantly in the granule cell and the CA3c pyramidal cell layers. (c) Basket cells displayed high-frequency firing, action potentials with deep, short-duration AHP, and large somata and axons almost entirely restricted to the granule cell layer with net-like boutons surrounding granule cells. (d) Hilar commissural-associational pathway-associated interneurons (HICAP cells) were defined by adapting firing, deep, long-lasting AHP, and axonal collaterals distributed predominantly in the outer granule cell layer and the inner one-third of the molecular layer. Dendrites usually bifurcated bidirectionally into the molecular layer after crossing the granule cell layer and the hilus, and were either aspiny or sparsely spiny. (e) Hilar perforant pathway-related interneurons (HIPP cells) were characterized by adapting firing, deep intermediate-lasting AHP, and axonal collaterals distributed predominantly in the outer two-third of the molecular layer. Dendrites were often restricted to the hilus and covered with long thin spines. (f) Everywhere cells were characterized by adapting firing, deep long-duration AHP and axons that arborized radially throughout all regions of the dentate gyrus, hilus, and the CA3 pyramidal cell layer. Representative mossy, axoaxonic, basket, HICAP, HIPP, and everywhere cells were taken from Ro25,6981-, Ro25,6981-, vehicle-, D-APV-, memantine-, and NVP-AAM077-treated cultures, respectively. Arrows in (a-f, middle) indicate AHP. Scale bars in (f, middle) apply to all electrophysiological traces; scale bar in (f, bottom) applies to all digitally reconstructed neurons in (a, d-f). Thick black lines in all digitally reconstructed neurons denote dendrites, thin gray lines denote axons, and thin gray lines delineate regions. BC, basket cell; EC, everywhere cell; g, granule cell layer; h, hilus; HICAP cell, hilar commissural-associational pathway-associated interneuron; HIPP cell, hilar perforant pathway-associated interneuron; m, molecular layer. sIPSC frequency after chronic Ro25,6981 S He et al unlikely to account for the dramatically reduced sIPSC frequency after chronic inhibition of NR2B-containing NMDAR.
Action Potential-Dependent Release Probability Was Unaltered Following Chronic Inhibition of NR2B-Containing NMDARs Fredj and Burrone (2009) recently demonstrated distinct vesicle pools for action potential-dependent and action potential-independent neurotransmitter release at CNS synapses. Reduced action potential-dependent release probability could decrease sIPSC frequency. Therefore, action potential-dependent release probability was documented using paired recordings between D/H border interneurons and dentate granule cells. All IPSCs evoked in interneuron-granule cell pairs (eIPSCs) should be monosynaptic because minimal inhibitory currents hyperpolarize rather than depolarize postsynaptic neurons, and eIPSCs in granule cells displayed a single, short latency distribution (1.89±0.07 ms; range, 0.5-4.9 ms). Evoked IPSC failure data were grouped into high-frequency (basket and axoaxonic cells) and adapting (HIPP, HICAP, and everywhere cells) firing interneurons because the eIPSC failure rate was different across but not within these populations (Maccaferri et al, 2000; Xiang et al, 2002) . Chronic treatment with NMDAR antagonists had no significant effect on eIPSC failure rate in either highfrequency (Figure 6b ) or adapting firing (Figure 6c ) interneurons. As failure rate measures a combination of release probability and axon conduction failure, we further investigated alterations in release probability using pairedpulse stimulation of presynaptic interneurons and recordings of subsequent paired-pulse IPSC ratios in granule cells. Paired stimuli with a 100 ms interstimulus interval were used to document release probability without the confound of high-frequency action potential-induced conduction failure (Debanne, 2004) . Paired-pulse ratios were not significantly different in distinct populations of D/H border interneurons, and hence data from all interneuron-granule cell pairs were pooled. Chronic treatment with NMDAR antagonists did not significantly affect paired-pulse eIPSC ratios (Figure 6e ), suggesting no change in action potentialdependent GABA release probability. Finally, changes in presynaptic GABA B and group III metabotropic glutamate receptor (mGluR) function could alter action potential-dependent release probability and reduce sIPSC frequency (Niswender et al, 2008; Olpe et al, 1982) . However, this possibility is unlikely because acute pharmacological blockade of GABA B receptors and group III mGluR with CGP55845 (3 mM) and CPPG (200 mM), respectively, had no impact on sIPSC frequency or amplitude in granule cells from either vehicle-or Ro25,6981-treated cultures (Figure 7) . Taken together, these data suggest that alterations in action potential-dependent release probability could not account for reduced sIPSC frequency following chronic inhibition of NR2B-containing NMDARs.
Acute Blockade of Kv Channels with 4-AP or TEA Occluded the Effect of Chronic Inhibition of NR2B-Containing NMDARs on sIPSC Frequency Acute pharmacological blockade or genetic deletion of voltage-gated potassium (Kv) channels can increase action potential-dependent GABA release (Cunningham and Jones, 2001; Goldberg et al, 2005; Southan and Robertson, 1998; Zhang et al, 1999) by modulating neuronal membrane potential and/or action potential threshold, duration, and frequency. Although we found no significant alterations in somatic membrane or action potential properties, changes in axonal properties could reduce sIPSC frequency by altering axonal excitability (Debanne, 2004; Dodson and Forsythe, 2004; Meir et al, 1999) , which would not be detected using whole-cell or somatic cell-attached recordings. Therefore, we first tested whether two broad Kv channel blockers, 4-AP and TEA, applied acutely during recordings of sIPSCs, but after chronic NMDAR inhibition, could occlude the large reductions in sIPSC frequency observed following chronic inhibition of NR2B-containing NMDARs. Concentration-response experiments were conducted because blocker potency can provide clues as to the identity of altered Kv channels. Concentration-response analyses revealed that as little as 10 mM 4-AP or 20 mM TEA was sufficient to occlude the effects of chronic Ro25,6981 on sIPSC frequency in granule cells (Figure 8 ). Based on previously reported potencies for recombinant Kv channels (Judge and Bever, 2006; Mathie et al, 1998) , no Kv channel subtype strictly fit our data. However, native endogenous Kv channels are unlikely to be homotetramers, but rather sIPSC frequency after chronic Ro25,6981 S He et al heterotetramer assemblies containing variable Kv1 subunits. Pharmacology, biophysical properties, expression, trafficking, and localization of Kv1 channels are influenced by coassembly of heteromeric Kv1 subunits, presence of b-subunits, composition of membrane lipids, glycosylation, phosphorylation, as well as the expression system, and the amount of mRNA injected into oocytes (Harvey, 1997; Mathie et al, 1998; Oliver et al, 2004; Robertson, 1997; Trimmer and Rhodes, 2004; reviews) . That said, occlusion of chronic Ro25,6981-mediated effects by 10 mM 4-AP in our experiments suggested Kv3 involvement Lien et al, 2002) . Arguing against this possibility, Kv3 channels modulate action potential duration and are expressed predominantly in parvalbumin-containing axoaxonic and basket cells (Gan and Kaczmarek, 1998; Rudy and McBain, 2001 ), and we found no significant changes in action potential decay in axoaxonic or basket cells following chronic Ro25,6981 treatment. Moreover, 0.2 mM TEA, which selectively blocks Kv3 channels 
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NVP-AAM077 237 ± 29 (3) À51.3 ± 0.5 (4) À34.9 ± 0.9 (3) 73 ± 3 (3) 1.70 ± 0.24 (3) 0.58 ± 0.02 (3) 1.86 ± 0.20 (3) À13.0 ± 1.39 (3)
HIPP cell
Vehicle 166 ± 35 (6) À54.5 ± 1.7 (8) À34.6 ± 1.2 (6) 64 ± 2 (6) 1.66 ± 0.19 (6) 0.63 ± 0.08 (6) 1.63 ± 0.20 (6) À13.6 ± 1.8 (6) D-APV 234 ± 47 (6) À50.9 ± 1.1 (7) À33.6 ± 0.8 (6) 64 ± 3 (6) 1.99 ± 0.27 (6) 0.66 ± 0.06 (6) 2.18 ± 0.24 (6) À11.2 ± 1.4 (6) Ro25,6981 276±47 (11) À53.2±1.2 (13) À33.9±1.0 (11) 61±4 (11) sIPSC frequency after chronic Ro25,6981 S He et al 1998). Arguing against altered Kv2.1 channel function, Kv2.1 channels are expressed predominantly in somata and are critically involved in action potential and membrane property regulation (Misonou et al, 2005) , but somatic action potential and membrane properties in interneurons were not significantly changed by chronic Ro25,6981 treatment. Therefore, we concentrated on potential alterations in Kv1 function because Kv1 channels are localized predominantly to axons and are implicated in regulation of presynaptic neurotransmitter release (Lai and Jan, 2006; Southan and Robertson, 1998; Zhang et al, 1999) .
Enhanced Kv1 Channel Function Contributed to Reduced sIPSC Frequency Following Chronic Inhibition of NR2B-Containing NMDARs
To test the possibility that altered Kv1 channel function contributed to chronic Ro25,6981-mediated decreases in sIPSC frequency, we first acutely applied relatively broad Kv1 channel blockers. Acute Kv1.1, Kv1.2, and Kv1.6 blockade with a-dendrotoxin (200 nM; Grissmer et al, 1994; Lambe and Aghajanian, 2001 ; Figure 9a ) or Kv1.1, Kv1.3, and Kv1.6 with agitoxin (30 nM; Garcia et al, 1994; Southan and Robertson, 1998) (not shown) dramatically increased sIPSC frequency in granule cells from Ro25,6981-treated cultures and, more importantly, occluded chronic Ro25,6981-induced decreases in sIPSC frequency. However, these toxins increased sIPSC frequency to maximal levels. Therefore, we next utilized more specific Kv blockers to minimize potential confounds of a ceiling effect and to more precisely define Kv1 channel subtype involvement. Acute blockade of Kv1.3-containing channels with margatoxin (10 nM; Akhtar et al, 2002; Southan and Robertson, 2000) modestly increased sIPSC frequency and also completely occluded chronic Ro25,6981-mediated decreases in sIPSC frequency ( Figure 9b ). Acute blockade of Kv1.1-containing Kv1 channels with dendrotoxin-K (100 nM; Vicente et al, 2006) modestly increased sIPSC frequency and amplitude, but did not occlude chronic Ro25,6981-mediated decreases in sIPSC frequency (Figure 9c ). Another Kv channel, Kv7, is expressed in hippocampal and dentate gyrus interneurons, can colocalize with Kv1 channels in axonal initial segments, juxtaparanodal regions, and synaptic terminals, and can modulate interspike interval and GABA release (Cooper et al, 2001; Devaux et al, 2004; Lai and Jan, 2006; Lawrence et al, 2006; Martire et al, 2004; Trimmer and Rhodes, 2004) . Therefore, a specific Kv7 channel blocker was used as a control to show specificity of Ro25,6981-mediated effects on Kv1 channel function. Acute pharmacological blockade of Kv7 with XE 991 (10 mM) did not significantly affect sIPSC frequency or amplitude in granule cells and did not occlude chronic Ro25,6981-mediated effects on sIPSC frequency (Figure 9d , Ro25,6981/vehicle ¼ approximately 50%, p ¼ 0.12, t-test). The negative outcome with XE 991 is consistent with the findings of Martire et al (2004) , who showed that 10 mM XE 991 blocked retigabine-mediated increases in high K + -induced neurotransmitter release from synaptosomes but had no effect alone. Taken together, our findings imply that upregulated Kv1 channel function reduced sIPSC frequency following chronic inhibition of NR2B-containing NMDARs with Ro25,6981 and that these channels contain Kv1.3, Kv1.6, and possibly Kv1.2. As Kva1.3 and Kva1.6 can form a tetramer with Kva1.2/1.4 and Kvb2 (Shamotienko et al, 1997) , the Kv1 channels underlying chronic Ro25,6981-mediated effects on sIPSC frequency are likely to be heteromeric complexes.
Kv1 Channel Expression Was Increased in the Dentate Molecular Layer Following Chronic Inhibition of NR2B-Containing NMDARs
Finally, we used immunohistochemistry to examine Kv1.2, Kv1.3, and Kv1.6 protein levels in the dentate gyrus. Kv1.2 and Kv1.3 were significantly increased in the dentate . Whole-cell current-clamp recordings were conducted as described in the Materials and methods to determine the number of action potentials fired in response to a series of 450 ms 25 pA steps. Input-output curves were grouped into (a) high-frequency (basket and axoaxonic cells) and (b) adapting (HIPP, HICAP, and everywhere cells) firing interneurons because the firing behavior was different across but not within these populations. The number of action potentials generated by current steps above 250 pA was not quantified in adapting firing interneurons because spike number reached a plateau and the spikes were significantly wider in half-width and greatly diminished in amplitude (see Figure 3d-f) , making the action potential difficult to precisely define. The number of action potentials generated in response to current steps (a) was not significantly altered in high-frequency firing interneurons following chronic treatment with NMDAR antagonists, but (b) was increased in adapting firing interneurons following chronic treatment with D-APV or NVP-AAM077 compared with vehicle or Ro25,6981. Note the difference in the x-axis scale in (a) and (b). The number of interneuron/slice cultures is indicated in parentheses. *Different than vehicle; # Different than Ro25,6981; po0.05, two-way ANOVA with Holm-Sidak post-hoc comparison.
sIPSC frequency after chronic Ro25,6981 S He et al molecular layer following chronic Ro25,6981 compared with vehicle. Kv1.2 and Kv 1.6 were significantly higher following chronic Ro25,6981 compared with vehicle when immunoreactivity in the molecular layer was normalized to that in CA1 stratum lacunosum moleculare in each slice culture (Figure 10 ). Taken together with electrophysiological results, our findings suggest that increased Kv1.2, Kv1.3, and Kv1.6 expression mediated the large reductions in sIPSC frequency following chronic inhibition of NR2B-containing NMDARs.
DISCUSSION
Large reductions in sIPSC frequency were observed in both dentate granule cells and interneurons following chronic inhibition of NR2B-containing NMDARs with Ro25,6981. However, mean sIPSC amplitude, mIPSC frequency, and mIPSC amplitude were not significantly altered, suggesting diminished action potential-dependent GABA release. Chronic treatment with NVP-AAM077 or D-APV had minimal effects on these measures. Reduced sIPSC frequency following chronic Ro25,6981 was not due to downregulated GABA A R because mIPSC amplitude was only modestly altered. Decreased excitatory or increased inhibitory drive to interneurons did not reduce sIPSC frequency because fast excitatory transmission was blocked and sIPSC frequency in interneurons was reduced. Reduced sIPSC frequency did not arise from altered somatic interneuron membrane/action potential properties because these properties were largely unchanged. Altered action potential-dependent release probability and mGluR/GABA B sIPSC frequency after chronic Ro25,6981 S He et al receptor modulation of GABA release cannot account for reduced sIPSC frequency because paired granule cell/ interneuron recordings revealed no significant change in eIPSC failure rate or paired-pulse ratio, and mGluR and GABA B receptor inhibitors did not affect sIPSC frequency. However, chronic Ro25,6981-mediated reductions in sIPSC frequency were occluded by dendrotoxin, margatoxin, agitoxin but not dendrotoxin-K or XE 991, and immunohistochemistry revealed increased Kv1.2, Kv1.3, and Kv1.6 Concentration-response curves showed that 20 mM tetraethylammonium (TEA) abolished the differences in sIPSC (b1) frequency and (b2) amplitude between vehicle-and Ro25,6981-treated cultures. Legend in (a1) applies to (a1-2), and in (b1) applies to (b1-2). The number of slice cultures is indicated in parentheses; *po0.05; **po0.01, different than vehicle, t-test.
Vehicle ( (b-d, right) and represents the order of data presentation for both vehicle and Ro25,6981. Scale bar (a, left, 500 mm) applies to both panels in (a); (d, bottom, 100 mm) to all left panels in (b-d). g, granule cell layer; h, hilus; m, molecular layer; slm, stratum lacunosum moleculare. *po0.05; **pp0.01; ***po0.005, different than vehicle, Mann-Whitney rank sum test. sIPSC frequency after chronic Ro25,6981 S He et al with the predominant NR2B (Telfeian et al, 2003) and Kv1.6 expression in hippocampal interneurons and Kv1.2, 1.6, and b1 in dentate interneurons (Rhodes et al, 1997) , as well as presynaptic Kv1.3 modulation of hippocampal GABA release (Ohno-Shosaku et al, 1996) . To our knowledge, this is the first report showing large reductions in action potential-dependent GABA release and the involvement of increased Kv1 channel expression/function following chronic inhibition of NR2B-containing NMDARs.
Dichotomy Between Inhibition of NR2B-Containing NMDARs with Ro25,6981 and D-APV on sIPSC Frequency
At first pass the lack of similar effects of Ro25,6981 and D-APV on sIPSCs is somewhat surprising, given that both compounds inhibit NR2B-containing NMDARs. However, there is a stark difference between complete global blockade of NMDAR function with the competitive antagonist D-APV and partial inhibition of NR2B-containing NMDARs with the allosteric modulator Ro25,6981. Complete NMDAR blockade can be detrimental to neurons (Hardingham and Bading, 2003) and causes cognitive and psychotomimetic dysfunction. In contrast, partial inhibition of NR2B-containing NMDARs elicits few adverse effects clinically (Kemp and McKernan, 2002) and still maintains some level of physiological NMDAR function required for normal brain function. These differences place the neural circuits in very dissimilar states. Additionally, as described in the Introduction, NR2A-and NR2B-containing NMDARs are thought to play opposing roles in a variety of physiological processes. Conceptually, if basal activity is similar and NR2B is inhibited, NR2A effects would predominate. If basal activity is similar and both NR2A and NR2B are blocked, one would expect no change.
Potential Localization of Increased Kv1 Channel Expression/Function Responsible for Decreased sIPSC Frequency Following Chronic Inhibition of NR2B-Containing NMDARs
Potassium channels regulate neuronal excitability, axonal action potential propagation, and neurotransmitter release. Accordingly, Kv1 channels are localized predominantly to axons, but also reside in somata, dendrites (Arnold, 2007; Lai and Jan, 2006; Trimmer and Rhodes, 2004) , and glia (Hallows and Tempel, 1998; Schlichter et al, 1996; Smart et al, 1997) . Astrocytes modulate inhibitory neurotransmission (Kang et al, 1998; Yamazaki et al, 2005) and express Kv1.3, Kv1.6 (Lee et al, 2009; Smart et al, 1997) , and NR2B-containing NMDARs (Conti et al, 1996) . However, dendrotoxin is specific for neuronal Kv1 channels Lambe and Aghajanian, 2001) , suggesting that neuronal Kv1 upregulation contributed to reduced sIPSC frequency. Altered somatodendritic Kv1 channel function in interneurons was unlikely to reduce sIPSC frequency because mIPSC amplitude and somatic action potential/ membrane properties were minimally affected. Thus, Kv1 channels responsible for reduced sIPSC frequency following chronic Ro25,6981 treatment likely reside in interneuron axons and/or synaptic terminals.
Axonal potassium channels control synaptic efficacy by influencing action potential invasion into nerve terminals (Lambe and Aghajanian, 2001 ) and reside in axonal initial segments (AISs), branch points, axonal swellings, juxtaparanodal regions, synaptic terminals, and preterminal axonal 'necks' (Cooper et al, 1998; Geiger and Jonas, 2000; Inda et al, 2006; Rhodes et al, 1997; Sheng et al, 1993; Van Wart et al, 2007; Zhang et al, 1999) . Kv1 in the AIS dampens nearthreshold excitability in fast-spiking interneurons (Goldberg et al, 2008) . Therefore, upregulated AIS Kv1 channel function could lead to reduced sIPSC frequency. Arguing against this possibility, AIS is responsible for action potential initiation and we found no change in firing properties. Moreover, decreased sIPSC amplitude combined with increased mIPSC amplitude suggest that less neurotransmitter is released for a given action potential. Kv1 channels in branch points and axonal swellings influence conduction fidelity (Grossman et al, 1979; Krnjevic and Miledi, 1959) , and Kv1 channels in synaptic terminals and preterminal necks modulate spike duration, terminal excitability, neurotransmitter release probability, and subsequent PSC amplitude (Geiger and Jonas, 2000) . However, we detected no significant changes in IPSC failures or paired-pulse ratio, arguing against this possibility. Finally, Kv1.1 deletion at septate-like junctions increases crossexcitation of closely apposed axons . By analogy, increased Kv1 function at septate-like junctions may decrease cross-activation between closely apposed axons, which would decrease coincident GABA release and thereby decrease sIPSC frequency without altering conduction failures or release probability in paired recordings between individual interneurons and granule cells. In partial support of this notion, reductions in near-synchronous sIPSCs and sIPSC amplitude were observed following chronic Ro25,6981 treatment. However, the reduction in sIPSC amplitude was modest and a low percentage of sIPSCs was near-synchronous, suggesting that decreased cross-activation between closely apposed axons alone is unlikely to fully explain the large reductions in sIPSC frequency. Further experimentation is clearly required to better define the localization(s) of increased Kv1 channel expression/function responsible for decreased sIPSC frequency following chronic inhibition of NR2B-containing NMDARs.
Potential Mechanisms Underlying Increased Kv1 Channel Function Following Chronic Inhibition of NR2B-Containing NMDARs
Previous studies showed that NMDAR activation alters Kv4.2 somatodendritic membrane surface expression and voltage-dependent channel inactivation (Kim et al, 2007; Lei et al, 2008) and changes Kv2.1 phosphorylation, somatic surface expression, lateral diffusion, and voltage-dependent channel activation (Misonou et al, 2004; Yao et al, 2009 and MacDermott, 2004; Seifert and Steinhauser, 2001; Smart et al, 1997; Trimmer and Rhodes, 2004) are thought to underlie NMDAR modulation of somatodendritic Kv channels. However, in our study chronic inhibition of NR2B-containing NMDARs most likely altered axonal Kv1 channel function, raising the question of how chronic NMDAR inhibition modulated axonal Kv channels. Fiszman et al (2005) as well as Christie and Jahr (2008) reported that somatodendritic NMDAR currents are transmitted to cerebellar basket cell terminals via axonal electrotonic current propagation. These findings suggest that a close spatial NMDAR/Kv1 relationship is not necessary for NMDAR-mediated Kv1 channel regulation and support NMDAR modulation of axonal Kv1. Additionally, a variety of neuronal subtypes express presynaptic NR2B-containing NMDARs (Berretta and Jones, 1996; Brasier and Feldman, 2008; Sjostrom et al, 2003; Yang et al, 2006) , including cerebellar interneurons (Christie and Jahr, 2008; Duguid and Smart, 2004; Fiszman et al, 2005; Glitsch and Marty, 1999; Huang and Bordey, 2004) , which reside primarily in extrasynaptic axons (Gracy and Pickel, 1995; Gracy et al, 1997) . Although similar findings have yet to be reported in hippocampal/dentate gyrus interneurons, these data provide possible scenarios by which NMDAR activation and by analogy blockade of dendritic and/or axonal NR2B-containing NMDARs could modulate axonal Kv channel function.
High NR2B expression in hippocampal interneurons (Telfeian et al, 2003) and unique biophysical properties of NR2B-containing NMDARs may account for the specific effects of chronic NR2B-containing NMDAR inhibition on Kv channel function. NR2B conveys higher Ca 2 + permeability than NR2A and preferentially forms complexes with downstream Ca 2 + -binding proteins like CaMKII (Leonard et al, 1999; Strack et al, 2000) and RasGRF1 (Krapivinsky et al, 2003) . As elevated NMDAR-mediated Ca 2 + influx reduces Kv channel membrane surface localization (Lei et al, 2008) , chronic NR2B-containing NMDAR inhibition may increase Kv channel surface expression via diminished Ca 2 + entry. NMDAR activation also increases Kv1 phosphorylation (Tao et al, 2005) , which modulates channel conductance, open probability, and voltage sensitivity (Kwak et al, 1999a, b; Peretz et al, 1996; Vogalis et al, 1995) , suggesting that altered phosphorylation, in addition to increased expression, may also increase Kv1 channel function (Tao et al, 2005) .
Potential Role of Altered GABA Transmission and Kv1 Channel Function in Seizure Expression, Depression, and Other Neurological Disorders Together with our previous results (Dong and Bausch, 2005; Wang and Bausch, 2006) , we showed that reduced action potential-dependent GABA release onto dentate granule cells and interneurons is associated with upregulated Kv1 function and reduced seizure expression. In parallel, increased GABA release with unaltered glutamatergic transmission in cerebral cortex (van Brederode et al, 2001) was associated with spontaneous seizures in Kv1.1-null mice (Brew et al, 2007; Rho et al, 1999; Smart et al, 1998) . Although the Kv1 channels underlying altered GABAergic inhibition are potentially different, both findings are at odds with data showing seizure control following therapeutic enhancement of GABAergic transmission and seizurogenic properties of GABA A R blockade (Burt, 1962; Paul et al, 1979) . Additionally, although the mechanisms by which NMDAR antagonists reduce major depressive symptoms remain unclear, our findings of reduced action potential-dependent GABA release are at odds with the popular, but controversial, GABA-deficit hypothesis of major depression (Croarkin et al, 2010; Hasler, 2010; Luscher et al, 2010) . These discrepancies suggest that: (1) either the described changes in GABAergic transmission do not influence seizure expression or major depressive symptoms, (2) or a simple imbalance between excitatory and inhibitory transmission does not underlie seizure genesis or major depression. Recent evidence suggests a bidirectional relationship between epilepsy and depression (ie, patients and animal models with one disorder are predisposed to the other), suggesting a potential common mechanism (Kanner, 2011) .
In adult brain, GABAergic transmission elicits hyperpolarization via Cl À influx and shunting inhibition via increased GABA A receptor-mediated membrane permeability (Mann and Paulsen, 2007) . As the Cl À reversal potential is close to the RMP in mature dentate granule cells (Scharfman, 1994; Staley and Mody, 1992; Williamson et al, 1995) and cortical pyramidal cells (Gulledge and Stuart, 2003) , shunting inhibition predominates. Shunting inhibition primarily synchronizes neuronal firing rather than balancing excitation in the dentate gyrus (Vida et al, 2006) . Therefore, diminished action potential-dependent GABAergic transmission elicited by chronic inhibition of NR2B-containing NMDARs may reduce synchronization of neuronal firing and subsequent seizure expression and/or depression. However, although synchronous neuronal firing is a hallmark of seizures, the role of neuronal synchrony in depression is unclear. Alternatively, reduced GABA B receptor activation can be antidepressant (Bowery, 2006; Ghose et al, 2010) and diminished action potentialdependent GABA release may reduce GABA B as well as GABA A activation. These two separate yet converging mechanisms could explain the bidirectional relationship between epilepsy and depression and the therapeutic efficacy of NR2B-selective NMDAR antagonists in both disorders. In summary, the precise mechanisms by which NR2B antagonists and/or reduced action potential-dependent GABA release exert therapeutic benefit in seizure expression, major depression, pain, and Parkinson's disease may depend upon GABA receptor subtypes, GABAergic interneuron synchrony, and/or NR2B-containing NMDAR localization relative to pathophysiological circuits. U24NS050606 and maintained by the Department of Pharmacology, School of Medicine, University of California, Davis, CA. All treatment of animals complied with National Institutes of Health, Department of Defense and institutional guidelines.
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